The toluene/o-xylene monooxygenase cloned from Pseudomonas stutzeri OX1 displays a very broad range of substrates and a very peculiar regioselectivity, because it is able to hydroxylate more than one position on the aromatic ring of several hydrocarbons and phenols. The nucleotide sequence of the gene cluster coding for this enzymatic system has been determined. The sequence analysis revealed the presence of six open reading frames (ORFs) homologous to other genes clustered in operons coding for multicomponent monooxygenases found in benzene-and toluene-degradative pathways cloned from Pseudomonas strains. Significant similarities were also found with multicomponent monooxygenase systems for phenol, methane, alkene, and dimethyl sulfide cloned from different bacterial strains. The knockout of each ORF and complementation with the wild-type allele indicated that all six ORFs are essential for the full activity of the toluene/o-xylene monooxygenase in Escherichia coli. This analysis also shows that despite its activity on both hydrocarbons and phenols, toluene/ o-xylene monooxygenase belongs to a toluene multicomponent monooxygenase subfamily rather than to the monooxygenases active on phenols.
Bacterial enzymatic systems able to oxidize toluene include dioxygenases (43) , monooxygenases that oxidize the methyl group (42) , and several monooxygenases that catalyze the hydroxylation of the aromatic ring. Among the latter, toluene-2-monooxygenase from Burkholderia (Pseudomonas) cepacia G4 (40) and Pseudomonas sp. strain JS150 (18) , toluene-3-monooxygenase from Burkholderia (Pseudomonas) pickettii PKO1 (31) , and toluene-4-monooxygenase from Pseudomonas mendocina KR1 (44) have been particularly studied. These enzymes are multicomponent complexes that display a certain regioselectivity for hydroxylation and, usually, a broad range of substrates. For most of these systems, biochemical and/or genetic studies are available (3, 18, 28, 33, 45, 46) . Other multicomponent monooxygenases, active on phenols, were identified in phenol-degrading Pseudomonas and Acinetobacter strains (9, 15, 29, 30) . Among the monooxygenase systems that recognize toluene, only those from B. cepacia G4 (T2MO) and Pseudomonas sp. strain JS150 (Tb2MO) (18, 39) were able to hydroxylate phenols. Interestingly, the sequence analysis of Tb2MO-encoding genes showed that this system is more similar to phenol hydroxylases than to the other sequenced monooxygenases (18) .
Pseudomonas stutzeri OX1 metabolizes o-xylene, in addition to toluene, via a novel catabolic pathway in which toluene/ o-xylene monooxygenase initially hydroxylates toluene, yielding a mixture of o-, m-, and p-cresol, and o-xylene, producing 2,3-dimethylphenol (2,3-DMP) and 3,4-DMP (2) . Toluene/ o-xylene monooxygenase is also responsible for the further hydroxylation of the phenolic intermediates arising from the hydrocarbons to (di)methylcatechols (Fig. 1A) , and in this respect, it resembles toluene-2-monooxygenase encoded by B. cepacia G4 and Pseudomonas sp. strain JS150 (18, 39) .
In a previous study, the locus coding for toluene/o-xylene monooxygenase (tou, for toluene/o-xylene utilization) was cloned from the chromosome of P. stutzeri OX1 and mapped to a 6-kb DraI-NotI fragment (2) . Based on the locus size and the number of different polypeptides coded for by the region, we postulated that toluene/o-xylene monooxygenase was a multicomponent enzyme. To confirm this, we set out to determine its nucleotide sequence and to show that each open reading frame (ORF) found in the locus was essential for full activity of the monooxygenase.
MATERIALS AND METHODS
Bacteria, plasmids, and general procedures. Escherichia coli DH5␣ (14) was grown at 37°C in Luria broth (LB) or in M9 salts medium (19) supplemented with 10 mM malate. Kanamycin and ampicillin were used in selective media at 50 and 100 g/ml, respectively. Induction of the lacI q -regulated lac promoter of plasmids based on pGEM3Z (Promega) or pVLT33 (5) was performed by addition of isopropyl-␤-D-thiogalactopyranoside (IPTG) to a final concentration of 1 mM. E. coli cells were transformed with plasmid DNAs by electroporation (8) . Plasmid preparations and all DNA manipulations were carried out according to standard procedures (37) .
A summary of the plasmids used in this work is given in Table 1 . To generate the plasmid pMM3356, which is both compatible with pGEM3Z and carries the entire set of tou genes, the 0.4-kb BssHII-EcoNI fragment downstream of the tou genes was deleted from pBZ1260 (2) (see Fig. 1B for the restriction map), giving rise to plasmid pMZ1256; the insert was then transferred into pVLT33 as a KpnI-XbaI cassette to give pMM3356. To facilitate the mutagenesis procedure, the insert of pMZ1256 was also cloned in pSP72 (Promega), producing plasmid pMZ1257. With the exception of touF, all of the tou genes were mutated by frameshift, with cutting and blunting of the protruding ends of restriction endonuclease sites present inside the genes. touA, touD, and touE were mutated by elimination of the MluI, Bsu36I, and SacI sites of pMZ1256 or pMZ1257. The corresponding inserts were then transferred into pVLT33 as a KpnI-XbaI cassette to give pMM3301, pMM3304, and pMM3305. A touB mutation was obtained by elimination of the XhoI restriction site in pMM3356. The resulting plasmid was pMM3302. The plasmid pMM3303, which carries a mutated touC, was obtained by elimination of the EcoRI site inside the gene upon cloning of the KpnI-XbaI cassette containing the tou genes in a pVLT33 vector previously deprived of its EcoRI site. The plasmid pMM3306, which carries a deletion in touF, was obtained by elimination of the Apa-SmaI fragment downstream of touE in pMM3356.
A series of pGEM3Z-based plasmids expressing tou genes separately were generated as follows. Plasmid pMZ1201, which expresses touA, was obtained by deletion in pMZ1256 of a KpnI-AvaI fragment containing the other tou genes. Plasmid pMZ9002, which expresses touB, was obtained by deletion of a 3.8-kb EcoRI fragment in pBZ9047 (2). pMZ1203 and pMZ1205, which express touC and touE, respectively, were obtained by PCR amplification of touC with primers 5Ј-TGAGCGTGATTTTGTTA-3Ј and 5Ј-CCGCCACATCCCCCGCC-3Ј and amplification of touE with primers 5Ј-CCTTGGGCTTAGACCGG-3Ј and 5Ј-CAGAAAAGAAACCATTG-3Ј, cloning of the corresponding amplified fragments in pGEMT (Promega), and then transfer of the inserts into pGEM3Z. Plasmid pMZ1204, which expresses touD, was constructed by subcloning the 1.1-kb HindIII-HindIII fragment from pMZ1256 into pGEM3Z. pMZ1006, which expresses touF, was obtained by deletion of the KpnI-EcoNI fragment from pBZ1035 (2) .
DNA sequencing and sequence analyses. Plasmid templates for DNA sequencing were isolated by use of purification kits purchased from Macherey-NagelDüren or Qiagen. Nucleotide sequence was determined directly from plasmid pBZ1260 or its derivatives (2) by the dideoxy chain termination technique (38) , with the Deaza G/A T7 Sequencing Mixes kit according to the supplier's instructions (Pharmacia Biotech), [␣- 35 S]dATP and T7, SP6, or specific synthetic primers.
The sequence was analyzed with the Genetics Computer Group (GCG; Madison, Wis.) software package, version 7.3 (6) . The National Center for Biotechnology Information BLAST program (1) was used to search a nonredundant peptide sequence database (GenBank CDS translations plus PDB plus SwissProt plus SPupdate plus PIR).
Phylogenetic trees showing the relationships between the large and small subunits of the terminal hydroxylase component of several multicomponent monooxygenases were obtained with the program PHYLO_WIN (13) , which uses the maximum parsimony algorithms contained in the PHYLIP package (9a).
Enzyme assays. The rates at which E. coli cells metabolized toluene, o-xylene, m-cresol, and 2,3-DMP were determined by monitoring changes in phenolic compound concentration in the medium with a colorimetric assay developed previously (2) . Briefly, a culture grown in minimal medium M9 in the presence of 10 mM malate and 1 mM IPTG was washed twice in 0.1 M phosphate buffer (pH 7.2) and suspended in the same buffer to obtain A 600 Х 2. Glucose (final concentration, 5 mM) and 70 l of 3% (vol/vol) toluene or o-xylene in N, Ndimethylformamide, 50 l of 40 mM m-cresol, or 70 l of 40 mM 2,3-DMP in water was added to 20 ml of cell suspension. At 5, 10, and 15 min after incubation at 30°C with the substrate, 1-ml samples were collected, and the phenol concentration in the medium was determined. Specific activities were reported as nanomoles of produced or disappeared phenolic compound per minute per milligram of cell proteins.
Analysis of plasmid-encoded polypeptides. E. coli cells were grown at 37°C in LB until A 600 ϭ 0.6 and then supplemented with 1 mM IPTG. One-milliliter samples were collected prior to induction and then at 30, 60, 90, and 180 min after the addition of IPTG. The cells were harvested by centrifugation at 14,000 ϫ g, resuspended in 50 to 100 l of sodium dodecyl sulfate (SDS) gel loading buffer (50 mM Tris-HCl [pH 6.8], 100 mM dithiothreitol, 2% SDS, 0.1% bromophenol blue, 10% glycerol), boiled for 3 min, and centrifuged at 14,000 ϫ g for 3 min. Ten to fifteen microliters of the supernatants was analyzed by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) (37) . The sizes of the polypeptides were determined with Sigma Chemical Co. calibration kits SDS-6H, SDS-7, and MW-SDS-17S.
Nucleotide sequence accession number. The nucleotide sequence reported here and the amino acid sequences derived from translation of the tou genes have been submitted to the EMBL data bank under accession no. AJ005663.
RESULTS
Nucleotide sequence and sequence analysis of the toluene/ o-xylene monooxygenase locus. The locus coding for toluene/ o-xylene monooxygenase was previously mapped to a 6-kb DraI-NotI fragment of a P. stutzeri OX1 chromosome (2) (Fig.  1B) . To further characterize the organization and the structure of the genes encoding the toluene/o-xylene monooxygenase, we determined the nucleotide sequence of this tou (toluene/ o-xylene utilization) locus. Translation of the sequence in all of the reading frames possible revealed a cluster of six ATGstarting ORFs, preceded by a potential ribosome binding site and designated touABCDEF (Fig. 1C and Table 2 ), in the direction the transcription of the locus was shown to occur (2) . Near the stop codon of touF, a potential dyad symmetry structure resembling a rho factor-independent terminator was present. The average GϩC content was approximately 50%, which was low compared with that of the chromosomes of Pseudomonas species (60 to 66%) (24) .
Comparison of the six predicted tou polypeptide sequences with those of a nonredundant peptide sequence database revealed a high degree of similarity with the six subunits of toluene and benzene multicomponent monooxygenases from B. pickettii PKO1 (3), P. mendocina KR1 (45, 46) , B. cepacia AA1 (23), and Pseudomonas aeruginosa JI104 (21) . In addition to those in toluene/benzene multicomponent monooxygenases, lower but significant similarities to polypeptides from other enzyme systems were also found, most notably, the phenol hydroxylases from Pseudomonas (15, 29, 30) and Acinetobacter (9) strains, the toluene/benzene-2-monooxygenase (BMO) from Pseudomonas sp. strain JS150 (18), the soluble methane monooxygenases from different methanotrophs (4, 26, 41) , the epoxidase from Nocardia corallina B-276 (36), and dimethyl sulfide oxygenase from Acinetobacter sp. strain 20B (16) ( Table 3) .
TouA, TouD, TouE, and TouF were similar to proteins found in several multicomponent monooxygenases. In particular, TouA and TouE were similar to the large and small oxygenase subunits. The large subunit of the multicomponent monooxygenases is characterized by a region resembling a dinuclear iron binding ligand identified by a pair of fixed-space domains with the amino acid sequence Asp-Glu-X-Arg-His (10, 11) . In TouA, this motif was found between amino acids 130 and 137 and 230 and 234 and was also perfectly conserved (multialignment not shown). TouF was similar to the NADHferredoxin oxidoreductase components of several mono-and dioxygenase systems. These peptides possess an N-terminal region similar to that of the chloroplast-type ferredoxins, in which Cys (Cys37, -42, -45, and -77 in TouF) and Gly (Gly 40 and -52 in TouF), involved in the coordination of two iron atoms of the [2Fe-2S] cluster, are conserved. The C-terminal region resembles oxidoreductases from bacterial, yeast, plant, and human origins. In this region of TouF, we found four conserved regions (amino acids 141 to 154, 166 to 196, 208 to 245, and 289 to 318) involved in NADH or FADH interaction (27, 45) .
In contrast, the only similarity TouB showed was to a small peptide found exclusively in benzene/toluene multicomponent monooxygenases. In the case of toluene-4-monooxygenase, it was shown to take part in the terminal hydroxylase component (33) .
TouC shared the highest degree of similarity with polypeptides in benzene/toluene multicomponent monooxygenases. However, the region of TouC between amino acids 40 and 70 was perfectly alignable with a domain present in a large number of proteins categorized as ferredoxin types, in which two conserved Cys residues followed by His residues (Cys45, His47, and Cys64, His67 in TouC), putatively involved in the coordination of a Rieske-type iron-sulfur cluster, are present (25, 32) .
The translation of the DNA sequence downstream of touAB CDEF revealed, on the opposite strand, the presence of an ORF, named ORF A, potentially coding for a polypeptide with a size of 38.8 kDa (Fig. 1C and Table 2 ). This ORF was similar to some transposase genes found in Alcaligenes eutrophus IS1086 (7) (73.7% similarity) and Escherichia hermannii IS30 (22) (59.8% similarity).
Characterization of the polypeptides coded for by touABC DEF and complementation analysis. The product of each tou gene was analyzed by SDS-PAGE. As expected from sequencing data (Table 2) , the molecular masses of TouA, TouB, TouC, and TouE were estimated to be 58, 9, 12, and 38 kDa, respectively. The estimated molecular mass of TouF was 40 kDa. This value was slightly higher than expected and might be due to the acidic negatively charged N-terminal region, which can retard migration, as previously observed with other chloroplast-type ferredoxins (17) . The estimated molecular mass of TouD was 27 kDa, more than twice the expected mass. A similar overestimation of molecular mass in SDS-PAGE was also observed with the TmoC peptide (46) . The low molecular mass along with the acidity of the peptide (pI 4.45) (20) or the incomplete reduction of a dimeric form might account for this result.
To provide genetic evidence that each Tou polypeptide was involved in the formation of the toluene/o-xylene monooxygenase complex, a single mutation was introduced into each of the tou genes, and its effect on the enzymatic activity was investigated. We previously suggested (2) that this enzymatic complex was also responsible for the second step of the toluene/ o-xylene catabolic pathway, which is the formation of catechols from the phenolic intermediates. The mutant gene clusters were thus assayed both for phenolic compound production from toluene or o-xylene and for phenolic compound consumption.
The enzymatic system encoded by the wild-type touABCDEF gene cluster was able to hydroxylate both hydrocarbons and phenols (Table 4 ). Decreasing levels of activity were observed when the substrates, in the following order, were toluene, mcresol, o-xylene, and 2,3-DMP, suggesting that the activity is affected more by the presence of a second methyl group than by that of a hydroxyl group. The mutations in touA, touB, touD, and touE led to a complete loss of activity. The mutation in touC did not completely abolish monooxygenase activity and affected the oxidation of hydrocarbons more than that of phenolic compounds, with 93 to 95% and 68 to 80% reductions, respectively. Finally, as was also observed for the TmoF subunit of P. mendocina KR1 (45), the deletion of touF caused a reduction in enzymatic activity ranging from 26 to 73%, depending on the substrate (Table 4) . The frameshift mutations introduced in each tou gene could exert some degree of polarity on downstream genes. To rule out the possibility that the mutant phenotypes were due exclusively to a polar effect, complementation tests between plasmids carrying the single mutations and those carrying only one of the tou genes were performed. As shown in Table 4 , each mutation could be complemented by the corresponding wildtype tou gene, rescuing 16 to 100% of the activity levels measured in pMM3356-carrying cells. The incomplete complementation observed in some cases might be due to a polar effect of the mutation in the gene cluster or to a disproportion in plasmid copy number. In accordance with the activity levels measured with the wild-type system, the percentages of the activity levels rescued in complementation assays were higher with monomethylated substrates than with the dimethylated ones.
DISCUSSION
The nucleotide sequence of the locus coding for P. stutzeri OX1 toluene/o-xylene monooxygenase revealed six ORFs, designated touABCDEF, which showed relevant similarities to the subunits of several enzymatic complexes involved in the mono- a Only one representative strain is reported for substrates other than toluene. b The percentages of identity and similarity were obtained from overall pairwise comparisons of amino acid sequences by using the GCG program GAP with a gap weight of 30 and a gap length weight of 0.1.
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P. STUTZERI OX1 TOLUENE/o-XYLENE MONOOXYGENASE 3629 oxygenation of aromatic compounds. Each gene found in the locus was shown to be essential for the full enzymatic activity. These results provide genetic evidence that toluene/o-xylene monooxygenase, the enzyme responsible for the initial steps of toluene and o-xylene catabolism in P. stutzeri OX1, is a multicomponent monooxygenase. The gene cluster encoding the P. stutzeri toluene/o-xylene monooxygenase has a GC ratio similar to, and the same gene arrangement as, the tbu, tmo, tbh, and bmo operons of the toluene monooxygenases from B. pickettii PKO1 (3), P. mendocina KR1 (45, 46) , B. cepacia AA1 (23), and P. aeruginosa JI104 (21) . These data, together with the presence of a putative transposase (ORF A), suggest that these genes might have been recently acquired by gene transfer from other bacteria. Further investigations are required to confirm this hypothesis.
Comparison of Tou polypeptides with those belonging to more-characterized systems led us to hypothesize for them a role in a four-component monooxygenase.
TouF and TouC may represent the components of the electron transport chain. TouF is presumably necessary for NADH oxidation and for the transport of the two reduction equivalents to the central Rieske-type ferredoxin (TouC). ORFs having the Rieske-type motif or ferredoxin-like motifs were found in virtually all of the aromatic compound-hydroxylating complexes. In the two-component systems, the NADH-ferredoxin reductase activity is due to a single component (i.e., XylA or BenC) that probably evolved from the fusion of an NADH reductase with a ferredoxin (27) . In three-or four-component systems, a Rieske-type ferredoxin that transfers the electrons from the NADH reductase to the terminal oxygenase is present. The Rieske-type ferredoxin was found to be essential for reconstruction of NADH-dependent catalytic activity of T4MO in vitro, by mediating electron transfer between the reductase and the hydroxylase (33) . In the cloned P. stutzeri OX1 monooxygenase, the knockout of either touF or touC did not lead to a complete loss of activity. Due to their role, it may be suggested that both functions can be at least partially accomplished by host proteins.
For polypeptides such as TouD, a regulatory function of the catalysis has been postulated (3, 12, 33, 35) but has not yet been demonstrated. In the case of DmpM protein from Pseudomonas putida CF600, its interaction with both the hydroxylase component and phenol has been suggested (35) . Pikus et al. (33) demonstrated that TmoD is a high-affinity component of the T4MO complex rather than a subunit of the hydroxylase and suggested that it may have a role related to catalysis. Consistent with these hypotheses, in our in vivo experiments, the knockout of the touD gene led to a complete loss of activity, and complementation with the wildtype touD made it possible to rescue 60 to 100% of the wild-type activity.
TouA, TouB, and TouE may represent the three peptides constituting the catalytic subunit of the enzymatic complex. Indeed, the knockout of each of the corresponding genes led to a complete loss of activity with every substrate. A three-polypeptide terminal oxygenase was also found in the P. putida CF600 phenol hydroxylase (34) and the B. cepacia G4 T2MO ) on substrate
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Step II complex (28) , but TouB and similar peptides seem to characterize the monooxygenases active on toluene and benzene. Further proof that toluene/o-xylene monooxygenase from P. stutzeri OX1 is closely related to toluene monooxygenases comes from phylogenetic analysis (not shown) of the large and small subunits of the terminal hydroxylase component of several multicomponent monooxygenases. In fact, the TouA and TouE proteins from P. stutzeri OX1 are included in the same group as BMO, T3MO, and T4MO from P. aeruginosa JI104 (21), B. pickettii PKO1 (3), B. cepacia AA1 (23), and P. mendocina KR1 (46) , which could be defined as a toluene subfamily. Especially in the case of the large subunit, similar subgroups can be recognized for phenol and methane monooxygenases. The only toluene monooxygenase which appears to be an exception is Tb2MO from Pseudomonas sp. strain JS150, which, despite its activity on hydrocarbons, was previously found to be more similar to phenol monooxygenases than to toluene monooxygenases (18) .
Based on the genetic analysis, the P. stutzeri OX1 toluene/ o-xylene monooxygenase can be considered to belong to a toluene monooxygenase subfamily; however, it is peculiar from a biochemical point of view. In fact, in comparison to the other toluene monooxygenases, it displays a broader range of substrates, recognizing both hydrocarbons and phenols, and a more relaxed regioselectivity of aromatic ring hydroxylation, being able to hydroxylate more than one position on both natural and nonnatural substrates (2) . It thus combines the specificity and the regioselectivity of all of the enzymes belonging to the toluene monooxygenase subfamily and of Tb2MO from Pseudomonas sp. strain JS150 (18), T2MO from B. cepacia G4 (28, 40) , and multicomponent phenol hydroxylases (9, 15, 29, 30) .
Despite their genetic similarity, the enzymatic systems belonging to the toluene monooxygenase subfamily are thus shown to display different regioselectivities and different substrate specificities. Further efforts are under way to isolate determinants that affect their biochemical properties.
